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Introduction {#sec001}
============

The killing of virally infected cells or tumor cells by cytotoxic T lymphocytes (CTLs) is the basis for the adaptive cellular immune response \[[@pone.0135994.ref001]\]. This process requires the release of cytotoxic substances from lytic granules (LGs) via exocytosis at a CTL-target cell contact area, the immunological or immune synapse (IS) \[[@pone.0135994.ref002]\]. LGs are considered to be hybrid granules which exhibit the properties of both lysosomes and secretory granules \[[@pone.0135994.ref003]--[@pone.0135994.ref006]\]. LGs express the lysosomal membrane markers LAMP1 and LAMP2, contain proteolytic lysosomal enzymes and have an acidic lumenal pH \[[@pone.0135994.ref003]\]. LGs emerge from the endosomal/lysosomal compartment \[[@pone.0135994.ref007]\], and may result from the fusion of lysosomes with vesicles in which the cytotoxic proteins granzyme A, granzyme B and perforin are stored \[[@pone.0135994.ref008]\]. Few granules containing granzymes and perforin are observed prior to activation. After activation CTL grow and the number of granules containing lytic components increases rapidly \[[@pone.0135994.ref009],[@pone.0135994.ref010]\]. Activated CTLs contain a variety of organelles which could be lytic in nature, differing not only in size but also in appearance, including complex multivesicular bodies containing dense material \[[@pone.0135994.ref003]\]. It is not known which of these structures represent mature LGs.

The presence of granule markers such as LAMP1 or cytotoxic granule content such as granzymes or perforin do not indicate maturity. These proteins are already present in granules which carry the mannose-6 phosphate receptor, a marker of endosomal compartments \[[@pone.0135994.ref003],[@pone.0135994.ref004]\] which is required for the import of granzymes \[[@pone.0135994.ref011]\]. The mannose-6 phosphate receptor is lost prior to maturation of lysosomes and LGs \[[@pone.0135994.ref012]\].

During the formation of the IS LGs are actively transported along the microtubuli and the actin cytoskeleton towards the IS. Upon arrival at the plasma membrane, these LGs have to undergo several maturation steps before fusion. First, they are docked at the plasma membrane through the physical interaction of SNARE and SNARE-associated proteins on the vesicle membrane and the plasma membrane, respectively \[[@pone.0135994.ref013]\]. Second, they are rendered fusion-competent through the action of proteins of the Munc13 family \[[@pone.0135994.ref014]\], a process called priming \[[@pone.0135994.ref015]\]. Failure in the docking or priming process of LGs results in lethal immunopathological disorders, Griscelli syndrome type 2 and familial hemophagocytic lymphohistiocytosis type 3, which are caused by mutation in the Rab27a \[[@pone.0135994.ref016]\] or the Munc13-4 gene \[[@pone.0135994.ref017]\], respectively. Technically, all plasma membrane-confined steps of LG behavior, i.e. docking, priming and fusion, can be quantified by total internal reflection fluorescence (TIRF) microscopy. In TIRF, docked vesicles display a longer dwell time, since they stay longer at the plasma membrane due to the above-mentioned interactions of vesicle and plasma membrane proteins \[[@pone.0135994.ref018]\]. Primed vesicles can be distinguished from docked vesicles by a decrease in mobility \[[@pone.0135994.ref019],[@pone.0135994.ref020]\]. Finally, fusion of LGs can be visualized in real-time in TIRF microscopy \[[@pone.0135994.ref021]\]. While real-time analysis of fusion in TIRF yields valuable information about the kinetics of fusion, it cannot be used to extrapolate the size of the fusing vesicle. For this purpose, membrane capacitance measurements are ideally suited. The capacitance of the plasma membrane is directly proportional to its surface area; therefore, every fusing vesicle increases the surface of the plasma membrane by its own surface area. Assuming an increase of 1 μF per cm^2^ surface area for biological membranes \[[@pone.0135994.ref022]\], the measured capacitance increase upon fusion of single vesicles has been successfully used to estimate the diameter of vesicles in synapses (70 aF; \[[@pone.0135994.ref023]\]) and neuroendocrine cells (1.3 fF; \[[@pone.0135994.ref024]\]).

We transfected primary human CTLs with a red fluorescent protein (mCherry) fused to the C-terminus of granzyme B \[[@pone.0135994.ref025]\] and then carried out TIRF microscopy to identify exocytosis of *bona fide* LGs and to observe granule movement. We simultaneously recorded membrane capacitance \[[@pone.0135994.ref026],[@pone.0135994.ref027]\] in the whole-cell mode, which allowed us to identify membrane capacitance steps associated with LG exocytosis. LG capacitance steps indicate a population of granules with an estimated diameter of \~ 325 nm. LG fusion occurred with a mean latency of 55 seconds following introduction of \~ 2 μM intracellular free \[Ca^2+^\] via the pipette solution rupture. This is the first report of whole-cell capacitance recordings from primary CTLs and allowed measurement of single granule fusion events with high resolution.

Materials and Methods {#sec002}
=====================

Human cytotoxic T lymphocyte preparation and electroporation {#sec003}
------------------------------------------------------------

Experiments were performed on human CTLs in primary culture. Human peripheral blood lymphocytes were obtained from healthy donors as described previously\[[@pone.0135994.ref028]\]. Naïve CTLs were negatively isolated using a Dynabeads Untouched human CD8 T-cell kit (Life technologies) and stimulated with Dynabeads Human T-Activator CD3/CD28 (Life technologies) for 2 days. At day 3, 5 x 10^6^ CTLs were transfected with the granzyme B-mCherry construct (see below) using electroporation (Human T cell Nucleofector kit, Lonza, Germany). Transfected CTLs were used 12--16 hours after transfection.

Ethics Statement {#sec004}
----------------

Experiments on CTLs were performed with leucocytes provided by the Saarland University Medical Center Hematology Department blood bank (<http://www.uniklinikum-saarland.de/de/einrichtungen/kliniken_institute/chirurgie/haemostaseologie/>). Written informed consent of the donors was obtained. Donor information was anonymized. Approval for use of the cells for research was obtained from the Ethics Commission of the Saarland University medical center.

Human granzyme B-mCherry cDNA construct {#sec005}
---------------------------------------

Granzyme B was amplified from human cDNA with primers: 5'-TAT ACT CGA GCC ACC ATG CAA CCA ATC CTG CTT CTG-3' and 5'-ATA TAT CCG CGG GTA GCG TTT CAT GGT TTT CTT T-3' to add XhoI and SacII restriction sites at each end. The mCherry construct was a gift from Prof. Roger Tsien. After digestion with XhoI and SacII, granzyme B was ligated to vectors containing mCherry-N1 at the C-terminal end of granzyme B and then purified.

TIRF microscopy {#sec006}
---------------

All experiments were done using an Axiovert 200 microscope (Zeiss, Göttingen, Germany) equipped with a Zeiss TIRF-slider and a solid-state laser (85YCA010; Melles Griot, Carlsbad, CA) emitting at 561 nm. To observe mCherry fluorescence (excitation maximum \~ 590 nm; \[[@pone.0135994.ref029]\]), a filter set containing an UV-reflecting dual-band dichroic mirror (catalog \#F53--563; AHF Analysentechnik, Tübingen, Germany) and an emitter (catalog \#F72--419) were installed. We used a 100x/1.45 NA Fluar objective (Zeiss) for all measurements. Images were acquired using an EMCCD camera (Andor iXonEM, Belfast, Ireland) and controlled by software written in house in the LabView environment (National Instruments, München, Germany). Pixels were 160 x 160 nm. Images were acquired at 10 Hz with an exposure time of 75 msec. Tracking of LGs was done using a centroid algorithm with software written in house \[[@pone.0135994.ref018]\]. Frame to frame movement was calculated as the square root of the sum of the squares of the X and Y displacements. This software was also used to calculate caging diameter.

Granule fusion determination {#sec007}
----------------------------

Videos of TIRF images were analyzed using Image J (NIH, USA). Fusion resulted in a rapid decrease in LG brightness and the released fluorescent granzyme B produced a cloud of fluorescence which rapidly dissipated. Most TIRF fusion events exhibited both a loss of granule fluorescence and a local cloud of fluorescence, though in some cases a cloud appeared without a visible granule. The latter observation may result from dimpling of the membrane taking the granule out of the TIRF field. The TIRF video acquisition was continuous and began prior to the capacitance record.

Whole-cell patch-clamp recordings {#sec008}
---------------------------------

Glass coverslips (25 mm) were treated with 100 μl poly-L-ornithine (Sigma, USA) for 30 minutes at room temperature. A small drop of a mixture of anti-CD3 (30 μg/ml) and anti-CD28 (90 μg/ml) antibody was then applied to the coverslip, spread over its surface and the coverslips were incubated at 37°C for two hours. Suspensions (60 μl) of activated CTLs were plated onto these coverslips in a HEPES-buffered, nominally calcium-free physiological salt solution (in mM, NaCl; 155.0, MgCl~2~; 3.0~,~ KCl; 4.5, HEPES; 5.0, pH = 7.4) and allowed to settle for 5 minutes. The coverslip was then placed in a recording chamber on the stage of the microscope and cells were recorded at room temperature. Cells that are in contact with the anti-CD3/anti-CD28 antibodies adhere and change shape, going from mobile, flat cells to rounded, immobile cells during the activation process. T cell receptor (TCR) binding to the anti-CD3 antibody leads to clustering which is required for activation \[[@pone.0135994.ref030]\].

Patch-clamp recordings were carried out in the whole-cell configuration. Patch pipettes were pulled from thick-walled borosilicate glass (GB150F-8P, Science Products, Germany). The pipette resistance was 2.5--3.5 MΩ. Sigmacote (Sigma, USA) was applied to the pipette tips. The pipette solution contained (in mM): glutamic acid, 100; HEPES, 40; Cs-EGTA, 5.9; CaCl~2~, 5.4; Na~2~GTP, 0.3; MgATP, 2.0. The pH was adjusted to 7.3 with CsOH and the osmolarity was \~ 307 mOsm.

A CTL was located and centered in the TIRF field. The footprint was brought into focus and the illumination angle adjusted to achieve TIRF. The cell was patch-clamped if mCherry-fluorescent labeled LGs were present at the CTL-coverslip interface. After a GΩ seal was formed, the focus was adjusted and TIRF-video acquisition begun. After a short TIRF recording period, suction was applied to the pipette, rupturing the patch membrane to attain a whole-cell recording.

The capacitance was compensated and the capacitance record acquisition started. Cells were clamped at a holding potential of -70 mV using an EPC-9 patch-clamp amplifier controlled with the "lock-in" extension of PULSE software (Heka, Germany). The sine + DC method was used with a sine wave frequency of 1000 Hz and amplitude of 50 mV RMS. The voltage-clamp data were acquired as a single continuous record. The camera trigger signal was recorded to allow correlation of video with capacitance data.

Fusion events produce discrete jumps in membrane capacitance \[[@pone.0135994.ref027]\]. In order to improve accuracy of measurement of the amplitude of capacitance steps, the capacitance traces were filtered using a low pass filter implemented in Igor Pro 6 (Wavemetrics, USA). This allowed us to distinguish steps smaller than 1 fF. The accompanying membrane conductance and access conductance measurements were also recorded. Stepwise increases in capacitance were discarded if they were accompanied by abrupt changes in either the access- or membrane conductance, since such events, in particular those in the access conductance trace, can cause a change in the capacitance trace \[[@pone.0135994.ref031]\]. We averaged the 60 points prior to the step and the 60 points after the step and took the difference as the amplitude of the capacitance step.

Statistics {#sec009}
----------

Statistical calculations, curve fits, the Kolmogorov-Smirnov test and the Mann-Whitney U test were implemented in Igor Pro.

Results {#sec010}
=======

Membrane capacitance measurements of human cytotoxic T lymphocytes {#sec011}
------------------------------------------------------------------

We carried out membrane capacitance recordings in the whole-cell mode \[[@pone.0135994.ref032]\] from human CTLs in primary culture. Though a number of cell lines have been used for patch clamp experiments of lymphocytes there have been few reports of properties of primary CTLs, due in no small part to the difficulty of recording these cells, and no examination of LG exocytosis using capacitance measurements. Capacitance measurements combined with TIRF microscopy were carried out in 38 CTLs to identify the capacitance steps associated with LG fusion.

Rupture of the patch membrane to achieve the whole-cell configuration was often followed by a rapid increase in membrane and access conductance that stabilized within 10 to 20 seconds. Small, rapid positive steps in the whole-cell capacitance trace were observed at a low frequency (at peak secretion the inter-event intervals were rarely less than 500 ms) in all recorded cells. Representative traces are shown in [Fig 1](#pone.0135994.g001){ref-type="fig"}. The membrane conductance and the series conductance traces are shown to verify that steps in the capacitance trace are not artifacts resulting from changes in recording quality (see [Materials and Methods](#sec002){ref-type="sec"}). Six hundred and six capacitance steps with mean amplitude of 3.98 ± 2.65 fF (mean ± s.d.) were recorded.

![Capacitance steps in stimulated CTLs.\
(*A*) Examples of step capacitance responses in CTLs. The arrows indicate steps associated with granzyme B positive exocytotic events in TIRF images. (*B*) The series conductance and the membrane conductance are shown (*C*) Examples of a cluster of positive steps indicating exocytotic events (part 1) and of negative steps (part 2, downward) which indicate endocytosis (arrows).](pone.0135994.g001){#pone.0135994.g001}

Combined membrane capacitance measurements and total internal reflection fluorescence microscopy in human cytotoxic T lymphocytes {#sec012}
---------------------------------------------------------------------------------------------------------------------------------

Use of TIRF microscopy to identify LG fusion events in CTL induced to form an IS at a treated cover slip is well established \[[@pone.0135994.ref025],[@pone.0135994.ref033],[@pone.0135994.ref034]\]. Granzyme B was chosen as the LG marker because it is present in human CTLs and its expression increases upon activation \[[@pone.0135994.ref035]\]. Seeding of CTLs on anti-CD3/anti-CD28 coated coverslips results in microtubule reorientation, accumulation of actin, CD3, and lytic granules at the CTL-coverslip interface, and LG release consistent with IS formation \[[@pone.0135994.ref021]\]. Since a stable increase in intracellular \[Ca^2+^\] is required for effector function in CTLs \[[@pone.0135994.ref036],[@pone.0135994.ref037]\], we supplied \~ 2 μM free intracellular Ca^2+^ via the patch pipette. The experiments were carried out in a nominally calcium-free extracellular solution to slow CTL activation and to prevent the release of granules prior to recording. We observed LG fusion in 21 of 38 recorded CTLs perfused with \~ 2 μM free intracellular Ca^2+^. In cells patched with a free intracellular \[Ca^2+^\] below 280 nM, no fusion events could be observed (data not shown), demonstrating the \[Ca^2+^\] dependence of LG fusion. A typical TIRF fusion event is shown in [Fig 2A](#pone.0135994.g002){ref-type="fig"}. Loss of LG fluorescence accompanied by a cloud of fluorescence in the juxtagranular area was considered an indicator of LG fusion ([Fig 2B](#pone.0135994.g002){ref-type="fig"}, [S1 Video](#pone.0135994.s007){ref-type="supplementary-material"}). Fusion can be distinguished from movement of the granule from the plasma membrane by the cloud and by the rapidity of the fluorescence loss (a single frame versus an incremental decrease in brightness over several frames). LG fusion events occurred sporadically and in CTLs in which LG release occurred, there were 5.02 ± 3.09 (mean ± s.d.) LG fusion events per cell.

![Fusion of a granzyme B-mCherry containing lytic granule with the plasma membrane.\
(*A*) Consecutive frames from the TIRF video imaging are shown. The video frame numbers are shown below the images. The arrowhead indicates a lytic granule which decreased in fluorescence and generated a cloud of fluorescence while fusing. (*B*) The fluorescent intensity (arbitrary units) of the fusing granule (filled circles) indicated by the arrow in *A* was plotted versus frame number. The intensity of the juxtagranular region (halo, open circles) is included. As the granule fused its intensity increased briefly (frame 534) and it then disappeared. At frame 535 the juxtagranular area brightened. In subsequent frames the fluorescence dissipated (frame 537). (*C*) The whole-cell membrane capacitance trace (C~m~, upper trace) and the camera trigger voltage are shown (lower trace, positive steps indicate shutter opening) versus time. The capacitance step in the C~m~ trace at time 48.2 s occurs at video frame 535 (arrow).](pone.0135994.g002){#pone.0135994.g002}

In frames in which fusion occurred, there were 9.39 ± 3.98 (mean ± s.d.) LGs present. CTL never depleted their stock of LGs and LGs sometimes arrived at the membrane late in the recordings when release had already ended. Only a fraction of LGs fused. This was expected since a small number of LGs is sufficient for killing and CTLs can kill multiple target cells \[[@pone.0135994.ref038]\]. A similar result was noted in killing assays carried out on Tall 104 cells (stable cell line established from peripheral blood of a child with acute lymphoblastic leukemia) stimulated by application of thapsigargin and phorbol-myristoyl-acetate (which bypasses the need for TCR stimulation) \[[@pone.0135994.ref039]\]. The mechanisms restricting numbers of fusing granules is of great interest. Since release also appears to be limited in our experiments, apparently there is not a requirement for a signal from the target cell. No fusion events were observed in the period between establishing TIRF illumination and membrane break-in to the whole-cell mode (\~10--20 seconds).

The simultaneous capacitance recording ([Fig 2C](#pone.0135994.g002){ref-type="fig"}) shows a step-like increase at 48.2 seconds. The lower trace in part C shows the camera trigger signal. Frame 535 from the video (panel A) is indicated (↓) and is the frame prior to fusion (loss of fluorescence) in TIRF. Following identification of LG fusion in TIRF, we examined the capacitance traces for candidate capacitance steps. Capacitance steps that began prior to or during the first TIRF frame showing fusion and which were tightly coupled in time with TIRF fusion were considered to be LG release events (see [Fig 2](#pone.0135994.g002){ref-type="fig"}). Forty-seven of the ninety-eight capacitance steps that correlated with TIRF events occurred during the video frame in which a fusion event began. Three fusion events in TIRF could not be assigned unambiguously to a capacitance step.

Using the drawing tool of ImageJ we marked the area in which granule fluorescence was visible in TIRF, indicating close contact between CTL and coverslip, at any time during the recording. We then compared the area of this TIRF "footprint", which is smaller than the contact area of the cell with the coverslip (measured with fluo-4), to the surface area of the CTL calculated from its whole-cell capacitance. The average footprint encompassed 12.1 ± 8.6% (mean ± s.d.) of the CTL surface area and had a mean area of 103 μm^2^ which is sufficient for an annular contact zone with a diameter of 10.2 ± 3.2 (mean ± s.d.) μm. The dimensions are consistent with CTL-target cell immune synapses observed in live cell imaging \[[@pone.0135994.ref040]\]. The number of fusing LGs was independent of CTL size, footprint size and the ratio of size of the footprint to CTL size (see [S1 Fig](#pone.0135994.s001){ref-type="supplementary-material"}).

In cells in which fusion was observed in TIRF, 26% of the capacitance steps (98/371) were correlated with an LG fusion event. Since membrane capacitance measurements report the increase in surface area of the entire cell, the remaining 74% of the capacitance steps were therefore fusion events of non-fluorescent vesicles, i.e. not lytic granules, inside and outside of the IS. It was shown, for example, that recycling endosomes frequently fuse with the plasma membrane to deliver cargo like the TCR and syntaxin11 \[[@pone.0135994.ref025],[@pone.0135994.ref041]\] In light of the relatively small area of the cell involved in the footprint (12.1%, see above) the observation that 26% of the observed capacitance steps were identified as LG fusion in TIRF indicates that LG fusion occurred preferentially at the footprint as expected for an IS. If this were not the case, LG fusion alone would account for 834 steps.

Lytic granules fusing with the plasma membrane have a diameter of 325 nm {#sec013}
------------------------------------------------------------------------

[Fig 3](#pone.0135994.g003){ref-type="fig"} shows frequency histograms for all observed capacitance steps and those associated with LG fusion (see also [S1 Table](#pone.0135994.s002){ref-type="supplementary-material"}). The frequency histogram for LG capacitance events indicates few very small (less than 1.4 fF) capacitance steps. The histogram for non-LG events was fit using a triple lognormal fit with peaks at 2.2, 3.3 and 8.2 fF. The frequency histogram of LG capacitance steps was fit with a single lognormal curve with a peak at 3.3 fF. Since it was shown that fusogenic LGs are spherical \[[@pone.0135994.ref042]\], this capacitance value translates to a granule diameter of 325 nm, assuming an increase of 1 μF per cm^2^ surface area of biological membrane \[[@pone.0135994.ref021]\]. Our cutoff of 1 fF may result in an underestimate of non-lytic granules but very few LGs approached this cutoff so our estimate of LG size is not affected.

![Capacitance steps associated with lytic granule fusion events indicate a population with a diameter near 325 nm.\
The frequency histograms of capacitance steps observed in CTLs. The open circles show the frequency histogram of 508 fusion events obtained from 38 CTLs which were not related to LG fusion. The histogram is fit with a triple Log-normal equation (solid line). The filled circles show the histogram of 98 LG fusion events, which is fit with a single Log-normal (solid line).](pone.0135994.g003){#pone.0135994.g003}

The amplitudes of LG steps and non-LG steps were significantly different (p ≤ 0.05, Mann-Whitney U test). Our estimate of LG size is consistent with a report of a homogeneous population of granules obtained from fractionated T cells following high-density Percoll gradient centrifugation \[[@pone.0135994.ref043]\]. The granules contained lysosomal enzyme activity, lacked markers for rough endoplasmic reticulum and Golgi compartments, were LAMP1- and β-glucuronidase-positive, but lacked the mannose-6 phosphate receptor. The authors concluded that these granules were mature LGs. Based on their EM images with immuno-gold labeling, those granules were near 320 nm in diameter which is in excellent agreement with our estimate based on capacitance.

Fusing lytic granules exhibit long dwell times {#sec014}
----------------------------------------------

After arriving at the immune synapse LGs must dock and prime before fusing \[[@pone.0135994.ref002]\]. Docking involves an interaction between SNARE proteins located on LGs with SNARE proteins on the plasma membrane \[[@pone.0135994.ref044]\]. SNARE complex formation will result in a decrease in the freedom of motion of the LG and is reflected in increased dwell time, the duration of the time a granule resides continuously at the plasma membrane, and in a decrease in mobility of LGs. We determined LG dwell time in the TIRF field ([Fig 4A](#pone.0135994.g004){ref-type="fig"}). Thirty-one of the 101 fusing LGs were in the TIRF field prior to break-in to the whole-cell mode. The dwell times ranged from under a second (n = 3) to 239 seconds ([Fig 4A](#pone.0135994.g004){ref-type="fig"}). Thus, LGs (whether they fuse or not) can exhibit dwell times of tens of seconds or minutes. The distribution of dwell times of fusing LGs ([Fig 4B](#pone.0135994.g004){ref-type="fig"}) was well fit with an exponential with a mean dwell time of 28.5 seconds (see also [S2 Table](#pone.0135994.s003){ref-type="supplementary-material"}).

![Lytic granules which undergo fusion can exhibit long dwell times.\
(*A*) The dwell times of 101 LGs which fused are shown. Each LG is represented as a horizontal bar beginning at the start of its sojourn at the membrane and ending at its fusion. Contiguous bars with the same color indicate granules from the same CTL. Most fusing granules appear at the membrane early and most granules which fused exhibited a relatively short dwell time. (*B*) The frequency histogram of dwell times could be fit with a single exponential distribution (solid line, 95% confidence limits are indicated by the dashed lines) with a mean near 28.5 seconds.](pone.0135994.g004){#pone.0135994.g004}

Lytic granules at the immune synapse show different types of movements {#sec015}
----------------------------------------------------------------------

The prolonged dwell times may indicate that LGs dock at the plasma membrane. We examined the mobility of LGs dwelling at the membrane and found that they exhibit multiple periods of very low mobility consistent with granule docking \[[@pone.0135994.ref045],[@pone.0135994.ref046]\] interspersed with short periods of higher mobility. Representative tracks are shown in [Fig 5A](#pone.0135994.g005){ref-type="fig"}. Seven LGs which fused and three LGs which did not fuse are shown. All ten tracks are from the same CTL. The tracks of two fluorescent beads (0.2 μM diameter) which were fixed to coverslips are included in the panel (these were not recorded during the LG recordings). The beads are included to show intrinsic jitter of the recording system. The frame-to-frame movement of the fixed beads was quite constant and ranged from 6--12 nm (8 ± 2, mean ± s.d.) for eleven beads (see [S3 Table](#pone.0135994.s004){ref-type="supplementary-material"}).

![The behavior of lytic granules at the CTL-coverslip interface.\
(*A*) Representative tracks of granules in a single CTL are shown. Seven tracks (F) indicate LGs which underwent exocytosis (blue is the track end). Three tracks (NF) are LGs which did not fuse. The tracks are to scale but have been rearranged to decrease the size of the image and improve visibility. Two representative tracks from fixed beads (B) which were recorded prior to the CTL experiment are included to show intrinsic jitter of the workstation. (*B*) A plot of the frame-to-frame movement of a representative track. The red trace is a representative track from a fixed bead. The mean movement of 11 fixed fluorescent beads (0.2 μm in diameter, black trace) is superimposed on the plot.](pone.0135994.g005){#pone.0135994.g005}

The distance moved per frame for a representative track of an LG is shown in [Fig 5B](#pone.0135994.g005){ref-type="fig"}. Also shown are a representative track from a fixed bead and the average movement per frame for 11 fixed beads. The distances moved per frame in segments of the LG track approached that of fixed beads during its residence in the TIRF field.

Thus, though the tracks are variable, LGs move in the TIRF field sporadically, and can remain in an almost immobile state approaching that of the fixed beads, consistent with docking \[[@pone.0135994.ref047],[@pone.0135994.ref048]\] for tens of seconds without fusing, and then move further. This behavior is typical. Limited mobility of LGs in the TIRF field may depend on a cortical actin network which regulates or limits access of granules to the plasma membrane \[[@pone.0135994.ref045],[@pone.0135994.ref049],[@pone.0135994.ref050]\], but an additional loss of mobility is expected when granules are tethered and eventually dock \[[@pone.0135994.ref047],[@pone.0135994.ref048]\].

Fusing lytic granules cannot be distinguished from non-fusing lytic granules by their mobility {#sec016}
----------------------------------------------------------------------------------------------

In neuroendocrine cells it was shown that docked and primed large dense core vesicles can be distinguished based on their mobility \[[@pone.0135994.ref019]\]. We compared the mobility of LGs which fused to that of those which did not fuse. We calculated the displacement of LGs (see [Materials and Methods](#sec002){ref-type="sec"}) and then compared the frequency distribution of the frame-to-frame displacement of LGs which fused to that of granules which did not fuse ([Fig 6](#pone.0135994.g006){ref-type="fig"}). The distributions of both groups, fusing and non-fusing LGs, were strongly skewed toward small distances consistent with the low mobility mentioned previously, and were not significantly different. Non-fusing LGs often exhibited long dwell times and some granules were present for the entire recording. In spite of the preponderance of small displacement values, granules could either move laterally or remain more or less in place which results in quite different net movement. To differentiate these two conditions we determined a caging diameter \[[@pone.0135994.ref019]\] which is the greatest distance reached between an LG position and its position in the following N frames. This analysis was carried out for all frames using a ten frame (1 s) sliding window. The frequency histograms of the caging diameters for 58 tracks of fusing granules and 812 tracks of non-fusing granules (the same granules used for displacements) are also shown in [Fig 6](#pone.0135994.g006){ref-type="fig"} (see [S4 Table](#pone.0135994.s005){ref-type="supplementary-material"}). There was no difference between the frequency distributions of caging diameter for fusing and non-fusing granules. Since fusing LGs must dock at the membrane and are by definition mature, the inability to distinguish between the behavior of fusing and non-fusing granules supports the conclusion that non-fusing granules are also mature and that failure to fuse is due to a lack of a membrane-confined reaction. The lack of a difference between LGs which fuse and those which do not fuse is likely due to the immediate fusion of LGs which reach the primed state, precluding observation of primed LGs. This is expected since the free intracellular \[Ca^2+^\] is more than sufficient to trigger fusion.

![Fusing and non-fusing LGs cannot be distinguished based on their mobility.\
(*A*) The averaged frequency histograms of LG displacements are shown.The frame to frame displacement of the tracks of 58 granules which fused and 816 granules which did not fuse were calculated. There was no difference between the distributions of displacements of fusing LGs and those which did not fuse. (*B*) The caging diameters (see text) were calculated and the averaged frequency histograms of the largest distances covered in ten frames (1 second) are shown for fusing and non-fusing LGs. There was also no difference between the caging diameters of fusing and non-fusing LG.](pone.0135994.g006){#pone.0135994.g006}

Fusion of lytic granules is biphasic {#sec017}
------------------------------------

The latency to fusion, the interval between beginning calcium perfusion and LG fusion, will depend on the status of LGs. Primed LGs should have a short latency to fusion since they only require an increase in intracellular free calcium. LG fusion events occurred with an average latency of 55 seconds. The distribution was skewed to shorter times, with few events having a latency of more than 120 seconds. Frequency histograms of capacitance-step latency after break-in for LGs versus all steps are shown in [Fig 7](#pone.0135994.g007){ref-type="fig"}. The frequency histogram for all events was fit with a dual exponential with time constants of 28 and 148 seconds. The latencies of LGs were significantly different (p ≤ 0.01, Mann-Whitney U test) from those of non-LGs. The latency to release of LGs was biphasic with a rapid (15.9 s) and a slower (116.3 s) phase ([Fig 7](#pone.0135994.g007){ref-type="fig"}, see also [S5 Table](#pone.0135994.s006){ref-type="supplementary-material"}). The rapid phase may include a small fraction of LGs which are primed at the time of synapse formation and require only an increase in calcium for fusion, but the latency of 15.9 seconds likely cannot be explained simply by diffusion of calcium after patch rupture. This idea is supported by the very short delay observed for some granules, and thus likely reflects delayed priming. The second component may reflect granules which have a lower priming rate, perhaps due to limited availability of priming factors.

![Fusion of LGs is biphasic.\
Frequency histograms show the latency from calcium perfusion to fusion in CTLs. The filled circles represent the frequency histogram for all capacitance steps. These were fit with a double exponential (solid line) with a fast time constant of 28.2 s and a slower time constant of 148.4 s. The open circles represent the frequency histogram of the capacitance steps associated with LG fusion. This histogram was well fit with a dual exponential (solid line) with a fast time constant of 15.9 s and a slow time constant of 116.3 s. The 95% confidence intervals are indicated by dashed lines in both curves.](pone.0135994.g007){#pone.0135994.g007}

The fast time constant (28 seconds) observed in the latency histograms for all events includes the fast phase of LG release since the time constant of rapid LG release fell in this interval. It was expected that LG release would be limited and that non-LG fusion events occur and continue throughout the recording, since membrane trafficking in CTLs is involved not only in delivery of LGs, but also in adherence, IS construction, delivery of proteins and membrane to the IS and in motility \[[@pone.0135994.ref051]--[@pone.0135994.ref054]\].

Discussion {#sec018}
==========

Combined patch-clamp recording and TIRF microscopy allowed us to identify capacitance steps associated with fusion of mature LGs in human CTLs. This allowed us not only to estimate LG size at the time of fusion, but also to examine their mobility prior to fusion.

Our results demonstrate that LG fusion accounts for about 1/4 of the capacitance steps observed. On average, secreting CTLs had five LG fusion events. Considering that the content of one or few LG is sufficient to mediate efficient target cell killing *in vivo*, the obtained LG fusion number per cell is rather high. Most likely, this is due to the high intracellular Ca^2+^ (\~ 2 μM) applied via the patch pipette which we used to maximize LG fusion in our challenging experimental paradigm. In principle, the remaining 74% of the measured capacitance steps could originate from two sources. The first possible source would be LGs which fuse outside of the visualized evanescent field. We consider this scenario highly unlikely, because time-lapse confocal microscopy of LGs transfected with the same construct as used here (granzyme B-mCherry) revealed that all LGs polarize to the IS upon target cell contact within a few minutes (data not shown). Since we induce a reliable IS at the cell-coverslip interface through anti-CD3/anti-CD28 coating, we are confident that all LGs polarize to this IS and become visible in the evanescent field. The second possible source is the fusion of other, intracellular organelles like recycling endosomes, lysosomes, mitochondria etc. (i.e. non-LGs). These non-LGs could fuse outside the evanescent field or could fuse at the IS (in the evanescent field), but would not be visualized because they are not fluorescently labeled. Actually, we have provided evidence that recycling endosomes fuse at the IS prior to LG fusion in order to deliver cargo that is required for IS formation \[[@pone.0135994.ref025],[@pone.0135994.ref041],[@pone.0135994.ref055]\]. Since recycling endosomes are smaller in diameter than LGs, we speculate that the measured peak at 2.2 fF ([Fig 3](#pone.0135994.g003){ref-type="fig"}) is caused by these recycling endosomes. In addition, activated CTLs show a large increase in cell diameter compared to naïve CTLs due to an increase in transcription, translation and incorporation of proteins into the plasma membrane. Therefore, we conclude that the remaining capacitance steps are most likely caused by this source.

We further determined that the average size of LGs is 325 nm. This size determination is based on two assumptions: a) the membrane of LGs has a specific capacitance of 1 μF per cm^2^ surface area \[[@pone.0135994.ref021]\]. b) LGs are spherical. While the first assumption is difficult to prove without knowing the exact lipid composition of LG membrane, there is good evidence that the second assumption holds true. First, elegant immuno-gold electron microscopy studies have demonstrated that LGs and lysosomes have a diameter between 300 and 700 nm \[[@pone.0135994.ref004],[@pone.0135994.ref056]\]. Second, correlative light and electron microscopy (CLEM) studies with a specific marker for mature, fusogenic LGs, synaptobrevin2, revealed a diameter of 300 nm for LGs \[[@pone.0135994.ref042]\]. In both cases, LGs appeared as an almost perfect, electron-dense sphere. Thus, it appears that capacitance recordings yield a reliable value for LG size, as it does for other granules, e.g. synaptic vesicles and chromaffin granules \[[@pone.0135994.ref022],[@pone.0135994.ref023]\].

Interestingly, our data show that mobility of non-fusing LGs is indistinguishable from that of LGs ([Fig 6](#pone.0135994.g006){ref-type="fig"}). This is in contrast to large dense-core vesicles in adrenal chromaffin cells, in which primed vesicles have a considerable lower mobility than docked, but unprimed vesicles \[[@pone.0135994.ref018]\]. In both systems, CTLs and chromaffin cells, it was shown that granules dock and prime at the plasma membrane upon arrival \[[@pone.0135994.ref057]\]. However, while chromaffin granules reside in the primed state in releasable pools awaiting Ca^2+^ influx, it is entirely unclear whether LGs spend considerable time in the docked and primed pools before they fuse with the plasma membrane. In addition, the contribution of cytoskeletal components like microtubules or the actin network to vesicle movement is currently unknown.

The establishment of simultaneous patch-clamp and TIRF recordings described in this study will offer possibilities for future studies of LG function. For example, this method will allow the investigation of the docking, priming and fusion of LGs under conditions of controlled intracellular calcium. Furthermore, access to the intracellular space through the patch pipette enables the introduction of specific blockers for the individual steps of granule maturation at the plasma membrane, with the potential to unravel the molecular mechanisms leading to target cell killing through LG release.

Supporting Information {#sec019}
======================

###### The relationship between LG release, cell size and footprint size and relative footprint size.

The number of released granules is plotted vs these three variables.

(TIF)

###### 

Click here for additional data file.

###### [Fig 3](#pone.0135994.g003){ref-type="fig"} Capacitance Steps: All steps and LG steps.

(TXT)

###### 

Click here for additional data file.

###### [Fig 4](#pone.0135994.g004){ref-type="fig"} Dwell times: All dwell times and Dwell begin- and end-times for each fusing LG grouped by cell.

(TXT)

###### 

Click here for additional data file.

###### [Fig 5A](#pone.0135994.g005){ref-type="fig"} X and Y axis data for Tracks.

(TXT)

###### 

Click here for additional data file.

###### [Fig 6](#pone.0135994.g006){ref-type="fig"} data: MSD and Caging diameter for fusing and non-fusing LGs.

(TXT)

###### 

Click here for additional data file.

###### [Fig 7](#pone.0135994.g007){ref-type="fig"} data for Fusion latency.

(TXT)

###### 

Click here for additional data file.

###### LG fusion in TIRF microscopy.

A 17 second long video (avi format) containing 4 fusion events. The video begins 15 s after break in, and is cropped to an area 8.3 μm (X-axis) by 7 μm (Y-axis, the horizontal bar is 5 μm long).

(AVI)

###### 

Click here for additional data file.
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